INTRODUCTION
The Safe Drinking Water Act Amendments of 1996 (Public Law 104-182) require that each State prepare a source-water assessment for all public water supplies [sections 1453 and 1428(b) ]. States are required to determine (1) the drinking-water sources, (2) the origin of both existing and potential contaminants to drinkingwater sources, and (3) the intrinsic susceptibility of drinking-water sources to contamination. The U.S. Geological Survey (USGS), in cooperation with the Texas Natural Resource Conservation Commission (TNRCC), began a study in 1998 to develop a method for estimating mean annual and mean seasonal runoff for water-supply intakes within natural drainage basins in Texas. The results of this study are needed to evaluate and manage the supply of the State's surface-water resources as part of the Texas source-water assessment.
Purpose and Scope
The purpose of this report is to present and qualify multivariate regional equations to estimate runoff volume for natural basins in Texas. The equations estimate mean annual and mean seasonal runoff on the basis of the statistical relation between streamflow and basin characteristics. The streamflow data and basin characteristics are from USGS continuous-record, streamflow-gaging stations within natural basins and with at least 8 years of data during 1961-90. For this report, a natural basin is defined as a basin with less than 10-percent impervious cover, less than 10-percent of its drainage area controlled by reservoirs, and no other human-related factors that would affect streamflow. Some continuous-record, streamflow-gaging stations were omitted from the study because (1) drainage areas are greater than 10,000 square miles, (2) annual runoff might be affected by reservoirs, (3) substantial amounts of withdrawal or return flow from the basin might occur, (4) streamflow is lost as recharge along the Edwards aquifer, (5) springflow can affect runoff volumes, or (6) records cannot be extended (discussed later in "Record Extension" section). Also included in the study are streamflow-gaging stations in New Mexico and Oklahoma that are less than 25 miles from the Texas border, within a natural basin, and with 30 years of record during 1961-90. The 228 gaging stations that met this criteria are shown on plate 1.
Background
Natural runoff varies principally according to temporal and areal variations in precipitation but is also influenced by topography, climate, soil characteristics, geology, and evapotranspiration. Texas is a large region with considerable climatic and physiographic variability. The mean annual precipitation differs little from north to south but differs greatly from west to east. Accordingly, runoff can vary tremendously across the State.
Annual precipitation, in this report, represents the calendar year instead of the USGS water year (October 1 to September 30). The seasonality of precipitation was accounted for by developing equations representing each of the four seasons as follows: (1) spring-April, May, and June; (2) summer-July, August, and September; (3) fall-October, November, and December; and (4) winter-January, February, and March.
To account for the areal variability in climate and physiography, the State was divided into regions for this study. Asquith and Slade (1995) delineated hydrologic regions ( fig. 1 at end of report) on the basis of areas with similar climatic and physiographic characteristics. To define their regions, Asquith and Slade considered regions presented by Carr (1967) , Kier and others (1977), and Schroeder and Massey (1977) . The hydrologic regions developed by Asquith and Slade (1995) were considered suitable for this study with some modifications because of insufficient streamflow data in regions 1, 2, 6, and 8. Regions 1 and 2 were combined for this study because they have similar climates. Streamflow-gaging stations in region 9 that are within 50 miles of the region 6 boundary also were included in analysis for region 6 because of similar physiography. Stations within 30 miles and upstream of region 8 that are in the Trinity and Brazos River Basins also were included in analysis for region 8. Stations used in analysis for more than one hydrologic region are noted in table 1 at end of report.
STREAMFLOW DATA
The base period 1961-90 was used to coincide with the latest global standard normals period. Thirtyyear periods (1941 Thirtyyear periods ( -70, 1951 Thirtyyear periods ( -80, 1961 are standards used by the World Meteorological Organization (WMO) to report climatological standard normals (World Meteorological Organization, 1984) . The National Climatic Data Center (NCDC) computes normals for the United States every decade (Guttman, 1989) . To further justify use of this base period, an analysis was made for all streamflow stations within natural basins in Texas with at least 50 years of data. The analysis indicates that the 1961-90 period adequately represents average streamflow conditions in Texas.
Record Extension
If streamflow records for the 30-year period were incomplete for a station (short-term station), the records were extended using a station with streamflow record for that missing period (base station). The line of organic correlation (LOC) (Helsel and Hirsch, 1992) was used to estimate missing records during the 30-year period 1961-90. The LOC is analogous to an ordinary least-squares regression, except that ordinary regression minimizes the squared vertical deviations of the dependent variable (streamflow at short-term station) from the regression line, whereas the LOC technique minimizes the areas of the right triangles formed by the horizontal and vertical deviations from the regression line. The LOC is commonly used and recommended for estimation of missing records (Helsel and Hirsch, 1992) .
For each short-term station, a base station was selected that would provide the basis of all the missing data. No base station was used to extend missing record at a short-term station unless the two stations had at least 5 concurrent years of streamflow. Further criteria common to the short-term and base stations included (1) contributing drainage area within 2 log cycles of each other, (2) location within the same hydrologic region or at least within 200 miles of each other, and (3) correlation coefficient of at least 0.5 for mean annual streamflow of each station. The base station was chosen from a set of stations compiled on the basis of linearity of the relation between mean annual streamflow data points for the short-term and base stations. Estimated streamflows for the short-term station are perfectly correlated with the concurrent base station streamflows, but the actual relation between short-term and base stations is highly variable. Therefore, the excluded records will be less reliable than actual gaged records. In an effort to compensate for the fact that the extended record has considerable error, each short-term station used in the final weighted regression analyses (discussed later) was given a weight factor equal to the total number of actual gaged years during 1961-90. Table 1 includes the weight factors assigned to each streamflow-gaging station in the study.
Basin Characteristics
Six basin characteristics were identified as possible independent variables for regression equation development. The six basin characteristics selected on the basis of availability, probable hydrologic significance, and results of related studies (Asquith and Slade, 1995 , Raines, 1998 , Thomas and Benson, 1970 
REGIONAL EQUATIONS FOR ESTIMATING MEAN ANNUAL AND MEAN SEASONAL RUNOFF
During multiple-regression analysis, it is important that the various independent variables not be highly correlated with other independent variables. Not adhering to this requirement could yield unstable values for the regression coefficients, which might lead to difficulties in interpreting the effectiveness of various independent variables included in the equation. However, it is not possible to use basin characteristics that are entirely independent of each other because many natural topographic and climatic variables exhibit some degree of interdependence. The data were transformed to common logarithms to produce more linear relations among the dependent and independent variables. A simple cor-relation matrix of the basin characteristics was completed to investigate the amount of interdependence among the variables for each hydrologic region. Several variables indicated relatively high interdependence; some examples include positive correlation between contributing drainage area and main-channel length and between basin shape factor and main-channel length and inverse correlation between contributing drainage area and main-channel slope. Of the highly correlated basin characteristics, those with correlation coefficients greater than 0.8, only the most significant characteristics were used in the final regression equations for a particular hydrologic region.
The final equations (table 2 at end of report) for estimating mean annual and mean seasonal runoff were developed using weighted least-squares (WLS) regression of streamflow data and basin characteristics from 228 streamflow-gaging stations. In WLS regression, each dependent variable is given a weight representative of its relative accuracy (error). The greater weights are assigned to values that have greater accuracy (less error). The weight factor for each station is the total number of gaged years for the 1961-90 base period. Weight factors in this study range from 8 to 30. In most of the regression equations, contributing drainage area was the most significant explanatory variable, and mean annual or mean seasonal precipitation was the next most significant variable. The final equations were modified to use the same independent variables within each hydrologic region. In these instances, variables that were significant in most of the equations for any given season were selected as key variables, and the regressions were repeated using the key variables as the only independent variables. The final regression equations developed for each annual and seasonal period, in each region, are listed in table 2. Also listed in the table are the ranges of independent variables and standard errors associated with each equation.
Regression equations of the following form were derived: The equations were transformed from logarithm form by taking antilogarithms; the resulting equations have the following form:
. Independent variables (basin characteristics) were included in the equation analysis if the F statistic 1 was greater than 5. The WLS regression also provided statistical measures of the suitability of the equations, such as, standard errors of estimate and coefficients of determination (r-squared). In general, smaller standard errors and larger coefficients of determination result in more reliable equations.
The equations listed in table 2 are based on the range of independent variables associated with the stations in the study, and therefore, the equations might have considerable error for sites with basin characteristics outside of these ranges and should not be used for such sites. Probability plots and residual plots were used to verify each equation in each region. It is preferable that the mean annual runoff equations be used to calculate the mean annual runoff, rather than summing the four estimated mean seasonal runoffs, because the annual equations have less error than the seasonal equations.
SUMMARY
Regional equations for estimating mean annual and mean seasonal runoff for natural basins are needed for the Texas source-water assessment. The equations are based on the statistical relation between streamflow and basin characteristics.The streamflow data and basin characteristics are from USGS continuous-record, streamflow-gaging stations within natural basins and with a least 8 years of data during 1961-90. The State was divided into 11 hydrologic regions on the basis of previous studies; however, regions 1 and 2 were combined for this study because of their similar climate. Some stations were used in the analysis for more than one region.
The base period of 1961-90 was used for the streamflow data to coincide with the latest global standard normals period. Records for short-term stations (incomplete for the base period) were extended using records from base stations (complete for the base period). Six basin characteristics were identified as possible independent variables for regression equation development.
The final equations for estimating mean annual and mean seasonal runoff were developed using weighted least-squares regression of streamflow data and basins characteristics from 228 streamflow-gaging stations. The same independent variables were used within each region. Contributing drainage area and mean annual or mean seasonal precipitation were determined to be the most significant basin characteristics in each region.
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